In the last twenty years, because of the application of the electron microscope, there has been a considerable increase in knowledge concerning the origin and mechanism of formation of collagen. Since the work of Schmitt, Hall, and Jakus' in 1942 Kemp27' 28 came to a similar conclusion that procollagen units are derived from the fibroblasts. The majority of the recent evidence supports the premise that collagen is formed near, or in close conjunction with, the cell surface and that precursor substances are formed within the cell.
In the last twenty years, because of the application of the electron microscope, there has been a considerable increase in knowledge concerning the origin and mechanism of formation of collagen. Since the work of Schmitt, Hall, and Jakus' in 1942 illustrated that collagen was composed of a unit structure of fibrils, renewed interest has appeared in this area. Porter2 in 1952 and Wasserman3 in 1956 have reviewed the extensive work in this area and pointed out that the two controversial viewpoints of intracellular versus intercellular origin of collagen -still persist. Fleming, 4 Mall, 5 Ferguson, 6 and Lewis7 promoted the theory that collagen was formed within the cell. These beliefs were later supported by Jackson, 8 Jackson and Smith,9 and Wasserman3 10 by the observation of submicroscopic filaments or primary fibrils within the cytoplasm. On the other hand, Baitsell,"-13 Baitsell and Mason, 14 Maximow,'5 Nageotte and Guyon,"6 Levi-Montalcini and Sacerdote,17 and more recently, Stearns '18 19 and Kajikawa and Sumita20 point out that collagen is formed outside the cell in the ground substance. Studnicka, 21 Porter,2 and Porter and Pappas22 have arrived at perhaps a third viewpoint in their belief that the collagen fibril components are developed extracellularly but at, or on the surface of, the fibroblast. Jackson23 and Jackson and Smith24 now support the theory that fibrogenesis is intimately associated with the surface of osteoblasts and chondroblasts, as does Wasserman,'0 who observed bundles of primary fibrils at the surface of fibroblasts. Bradbury and Meek25 have recently illustrated collagen fibrils in the covering on the surface of fibroblasts in the leech. Weiss and Ferris26 and Kemp27' 28 came to a similar conclusion that procollagen units are derived from the fibroblasts. The majority of the recent evidence supports the premise that collagen is formed near, or in close conjunction with, the cell surface and that precursor substances are formed within the cell.
The tooth pulp has been described as being composed of a specialized connective millimicrons.
RESULTS
The potassium permanganate appeared to provide better fixation of cell membranes, certain intracellular structure, and ground substance of young pulp than did the osmium tetroxide in the manner used. Apparently, the gelatinous young pulp, surrounded by dentin and enamel matrix, was penetrated less effectively by the OS04 than by the KMnO4. The observations of the present study therefore will be confined to the permanganate-fixed material.
Fibroblasts.-In young pulp tissue the cells found in greatest numbers were the fibroblasts or fibrocytes. These cells appeared to vary in shape, most of them having a stellate appearance with from one to several cell processes seen in any plane (Figs. [1] [2] [3] [4] (Figs. 3 and 4) . The nucleoplasm and the nucleoli appeared less electron-dense with KMnO4 than with OSO4. The nuclear membrane was found to be double (Figs. 4 and 10), exhibiting the characteristic pores (Fig. 4) . The cytoplasm of the cells appeared densely populated with oval mitochondria and, to a lesser extent, with endoplasmic reticulum . A few mitochondria varied considerably from the oval shape, ranging in length from 0.5 to 6 ,u ( Fig. 7) , but the average size was found to be 0.75 ,u in length. The mitochondria did not appear to have regularly spaced cristae mitochondriales extending across the structure. The double external membranes of the mitochondria and the cristae mitochondriales were clear, the membranes being thinner than the cristae (Figs. 7 Fic. 12.-A higher magnification of the lower half of Fig. 11 . The double wall of the mitochondrion is seen in near contact with the single-layer cell membrane. The outer part of the cell wall appears "ruffled" or altered, and at the point of the arrow is seen one end of a collagen fibril, which appears to be imbedded in, or lying in contact with, the cell wall to the left. (Total mag. X 68,000.) form throughout the cell (Fig. 5) . With KMnO4 fixation the ribosome granules were not preserved and thus not apparent on these structures (Fig. 8) . The Golgi apparatus was located near the nuclei of these cells and appeared as clusters of short, bilaminar membranes with several associated vesicles (Figs. 2, 5, and 6 ). In some instances the bilaminar components appeared straight, while in other cells they formed semilunarshaped structures. The cytoplasm appeared granular, with no increase in density seen in any particular area of the cell or its processes. A number of small rodlets, particulate matter, and other electron-dense structures appeared scattered throughout the cytoplasm of the cell.
The fibrils of the intercellular substance. In the area immediately surrounding the cell, numerous bundles of fibrils were scattered in the ground substance (Figs. 1-3 and 5). Examination at higher magnifications revealed that these fibrils had the banding characteristic of collagen. It was observed that many of these fibrils lay in close association with the cell and, in some instances, in contact with the outer cell membrane (Figs. 8-12 ). At times the fibrils were lying at right angles to the cell surface but usually were found in a plane similar to that of the outer surface of the cell. A cross-section view of the 500 A-thick section A along dotted line. n, nucleus; nm, nuclear membrane; np, nuclear pore; ocm, outer cell membrane; g, Golgi apparatus; m, mitochondria; e, endoplasmic reticulum; i, unfolding membrane; ih, intercellular attachment. Fibrils (f1 and f3) superimposed on the sloped portions of the outer cell membrane will cause the cell membrane to be completly obscured, producing the appearance of cytoplasmic continuity with the fibrils. At area f2 the fibrils appear to be completely surrounded by cytoplasm, as in f4.
Although the majority of the fibrils were closely associated with the cell processes, some were found adjacent to the cell body as well. In some electronmicrographs the fibrils appeared to have an intracellular location. The observation was believed to be an artifact because of the following reasons. In some cases the intracellular fibrils appear located in a space which is completely surrounded by a membrane which appears structurally very much like the outer cell membrane (Fig. 4) . Since the outer cell membrane follows a tortuous course, it is believed possible that an infolding of the cell surface and adjacent fibrils could be included in any section through the cell. Other groups of fibrils appeared to be located within the cytoplasm near the cell surface. In these cases no outer membrane confining the fibrils was observed within the cell (Fig. 10) . In such instances it was believed that the section was made almost parallel to the surface of a fibril-covered outer membrane, which then slanted upward out of the plane of section. However, the membrane is so thin and in such close contact with the fibrils that it cannot be distinguished from the cut ends of the fibrils, causing them to appear to be in contact with the cytoplasm. A diagrammatic explanation of the authors' interpretation of the finding of apparently intracellular collagen fibrils is shown in Figure 13 . In a few cases collagen fibrils with a diameter of 100-300 A were observed imbedded in, or in close association with, the outer membrane of the cell (Figs. 10-12 ). In Figures 11 and 12 it can be seen that some alteration has possibly occurred in the cell membrane in the area where a fibril is located. Although the cell membrane is intact in these areas, the outer portion of it appears altered in respect to the adjacent fibril. Measurements were made of the diameter and periodicity of the numerous collagen fibrils throughout the pulp. At a distance from the cell surface the fibrils were found to measure approximately 200-400 A in diameter and to exhibit 458 A periodicity. It was not possible to obtain accurate measurements of the length of the fibrils because an entire fibril was probably not included in the plane of a single thin section. DISCUSSION The young fibroblasts found in the hamster dental pulp appear somewhat less differentiated than fibroblasts found in the adult rat.36' 37 The nucleoli of the young pulp fibroblasts are smaller, the mitochondria are less differentiated, and the endoplasmic reticulum is more sparse or less highly developed. In the adult fibroblasts the perinuclear cytoplasm is more dense than that found in their processes, whereas the density of the cytoplasm in the young pulpal fibroblasts does not vary throughout the cell and its processes. These variations in characteristics may indicate that the cells found in the young pulp are not fully differentiated. On the other hand, these cells appear differentiated sufficiently to function in fibril production. Perhaps they will develop into more mature cellular elements of the pulp which function in the formation of collagen fibrils important to dentinogenesis. Further studies on these cells is necessary before such conclusions can be made, however.
The present study indicated that collagen fibrils of the dental pulp were formed at the surface of the pulp fibroblast. These young fibrils measured only 250 A in diameter, as compared to those measuring 600 A found in hamster dentin by Watson and Avery.38 On the other hand, those authors found collagen fibrils measuring 100-300 A in diameter along the dentinal tubule in predentin, which indicated that some Vol. 40, No. 6 fibrils were first deposited in the peritubular region and continued with age to increase in diameter. Porter and Pappas22 noted fibrils in the region of the cell surface of chick fibroblasts to be 200-300 A in diameter. It is their belief that fibrils smaller than 600 A grow by addition to their surface of monomeric collagen and not by association with groups of fibrils. It is not understood why the short periodic lengths of 458 A were found in the present study. It is possible that the 640 A period characteristic of collagen was not fully established in these fibrils and that further organization of these fibrils occurred until the 640 A banding was attained.
Little is known concerning the mechanism of formation of collagen precursors by the fibroblasts. Jackson8 and Jackson and Smith9 showed intracytoplasmic rodlets which they believed to be precursors of collagen. Perhaps if Palade's39 40 theory of continuity of the endoplasmic reticulum with the cell membrane is correct, the possibility of intracisternal proteinic materials directly secreted into the intercellular spaces can be readily explained. However, there are claims by Karrer41 that the unit structure of the cell membrane is different from that of the endoplasmic reticulum. Gross, Highberger, and Schmitt42 suggest that collagen in a monomeric form is developed within the cell and is transformed into fibrils extracellularly. Porter2 and Porter and Pappas22 believe that the cell surface functions in some way that aids in the formation of the collagen template. Possibly at this site, polymerization of the forming substances may occur.
The findings in the present study can be interpreted in several ways in respect to fibrogenesis. Intracytoplasmic fibrils were noted, which could indicate intracellular formation, but these were believed to be present as a result of infolding of the outer cell membrane, since cell membranes were clearly visible surrounding groups of these fibrils. Other fibrils within the cytoplasm did not appear to be surrounded by membranes. In a 500 A-thick section, such as the ones in this study, it was believed possible for the outer membrane to be obscured by the cut ends of the fibrils as both slanted upward out of the plane of section.
It is apparent that the authors are avoiding the conclusion that unit fibrils are formed intracellularly. This is due partially to the fact that the apparently intracellular fibrils noted in the present investigation can be explained as being intercellular and also because the majority of findings by other investigators indicate that, although the procollagen molecules may be formed within the fibroblast, the unit fibril becomes recognizable extracellularly. In the case of the fibroblasts of the young pulp, the fibrils appear near or along or partly within the outer cell membranes. It is, therefore, possible that the outer membrane of the cell does play some part in the formation of these fibrils, as was believed by Porter and Pappas. 22 It is indicated that further studies of the internal structure of fibroblasts and their membranes must be made before conclusions concerning the precise role of cytoplasm in collagen formation can be drawn. It is obvious from the present investigation that the dental pulp offers an excellent site for such studies. Although the young pulp fibroblasts studied appeared to be less differentiated than fibroblasts found in other areas of the adult animal body,36 this was probably due to the embryonic nature of the young pulp. It will be necessary to study the fibroblasts at various ages of the pulp before their characteristics can be described fully.
Eighty molar buds from newborn hamsters were fixed in either KMnO4 or OSO4, imbedded in methacrylate, sectioned on a Porter-Blum microtome, and studied under the electron microscope. The KMnO4 fixation was found to be far superior to OS04 for the study of the membranes of fibroblasts and fibril formation in young pulp.
The fibroblasts in young pulp were found to have an outer cell membrane completely enclosing the cytoplasm. Therefore, they do not form a true syncytium but establish contact with each other by means of intercellular attachments.
The cytoplasmic characteristics of fibroblasts in young pulp appeared somewhat different from those of fibroblasts found in connective tissue in adult animals. A lesser amount of endoplasmic reticulum was found, and the mitochondria in the young cells had fewer cristae mitochondriales. The electron density of the cytoplasm of the cell body was observed to be similar to that of its processes.
Intracellular location of collagen fibrils was observed but was believed to be artifactual and caused by sectioning through infolding membrane or oblique sectioning of the outer cell membrane. Many collagen fibrils measuring 100-300 A in diameter and having a periodicity of 458 A were observed near, or in contact with, the outer cell membrane of the fibroblast. Other collagen fibrils measuring 200-400 A in diameter were noted farther from the cell surface.
It is believed that the fibroblasts of the dental pulp function in the production of collagen fibrils on or within the outer membrane of the cell.
